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Abstract 

Aromatic  heterocyclic  ordered  rigid  rod,  ladder  and  semi-ladder  polymers 
(including  BBL,  PBO,  PBT,  and  BBB)  combine  exceptional  high  temperature 
stability  with  excellent  mechanical  properties  as  well  as  environmental 
stability.  We  have  continued  our  systematic  study  of  the  electronic,  photonic, 
and  environmental  properties  of  the  pristine  polymer.  We  have  discovered 
the  presence  of  a  significant  photoconductivity  in  PBO  and  characterized  its 
photoluminescence.  Extending  our  photoinduced  absorption  spectroscopy 
studies  to  the  millisecond  regime  we  have  found  the  presence  of  two  weak 
photoinduced  optical  absorptions.  The  difference  in  behavior  as  compared  to 
other  conjugated  polymers  likely  reflects  the  increased  order  in  the  pristine 
rigid  rod  and  ladder  polymers.  We  have  extended  our  temperature  dependent 
charge  transport  (dc  conductivity,  microwave  frequency  conductivity  and 
dielectric  constant,  thermoelectric  power,  magnetoconductivity  and  electron 
spin  resonance)  studies  of  the  ion  implanted  polymers  as  a  function  of 
implantation  dosage.  A  nonmetal-to-metal  transition  is  found  as  a  function  of 
increasing  dosage  (occurring  at  4  x  10^  ions/cm^).  For  implanted  samples  of 
metallic  behavior,  a  unique  transition  to  a  nonmetallic  behavior  has  been 
discovered  at  30K.  The  origin  of  this  transition  is  attributed  to  the  opening  up 
of  a  Coulomb  gap. 
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I.  BACKGROUND  AND  OBJECTIVES 


Aromatic  heterocyclic  ordered  rigid  rod,  ladder,  and  semi-ladder 
polymers,  exemplified  by  poly(l,4-phenylene-2,  6-benzobisthiazole)  PBT), 
poly(l,4-phenylene-2,  6-benzobisoxazole)  PBO),  poly(2,5-dihydroxy-l,4- 
phenylene-2,  6-benzobisthiazole)  (DHPBT),  poly(2,5-dihydroxy-l,  4- 
phenylene-2,  6-benzobisoxazole)  (DHPBO),  benzimidazobenzophenanthroline- 
type  ladder  (BBL)  and  semi-ladder  (BBB)  polymers,  combine  exceptional  high 
temperature  stability  (500-700°C)  with  excellent  mechanical  properties  and 
environmental  (chemical  and  photochemical)  resistance1'12.  This 
combination  of  properties  makes  these  polymers  suitable  for  many 
applications,  including  aircraft  and  aerospace,  high  strength  fibers, 
molecular  composites,  engineering  structures,  and  heat-resistance  coatings.8* 
1 1  This  class  of  high  performance  organic  materials  has  emerged  from  many 
years  of  work  under  the  Air  Force  Ordered  Polymer  research  program.8’9 
Figure  1  shows  the  repeat  unit  for  BBB,  BBL,  PBT,  DHPBO,  DHPBT  and  PBO 
polymers. 

In  contrast  to  the  effects  of  ion  implantation  in  sigma  bonded  polymers 
(where  conductivities  at  room  temperature  of  order  10"1  S/cm  result13-14)  ion 
implantation  of  rigid  rod  and  ladder  polymers  results  in  a  three  orders  of 
magnitude  larger  conductivity  of  ~102  S/cm  with  some  samples15  having 
conductivity  at  room  temperature  as  high  as  220  S/cm.  These  highly 
conducting,  environmentally  stable  polymers  provide  an  attractive  candidates 
for  Air  Force  and  Department  of  Defense  future  technologies. 

During  the  first  contract  year  we  carried  out  extensive  surface  analytical 
studies  of  the  ion  implanted  polymers  in  comparison  to  the  pristine  polymers. 
The  results  of  X-ray  photoemission  spectroscopy,  scanning  electron 
microscopy,  and  optical  spectroscopy  supported  that  the  ion  implantation 
resulted  in  the  destruction  of  the  one-dimensional  pristine  polymer  structure 
and  the  formation  of  a  three-dimensional  carbon  (graphite-like)  disordered 
network.  In  particular,  XPS  of  the  implanted  films  showed  a  substantial 
reduction  (and  in  many  cases  elimination)  of  heteroatom  peaks  leaving 
essentially  only  carbon.  Figure  2  illustrates  the  contrast  between  pristine  and 
ion  implanted  PBO.  The  optical  spectrum  of  the  ion  implanted  polymer  reflects 
the  elimination  of  the  pristine  polymer  band  structure  and  the  formation  of  a 
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Molecular  structures  of  rigid  rod,  ladder,  and  semi-ladder 
polymers:  PBO,  PBT,  BB1,  BBB,  D1JPBO,  and  DHPBT. 


Intensity 


PBO 


Figure  2  XPS  spectra  of  pristine  and  4  x  1016  ions/cm2  implanted  PBO. 
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wide  metal-like  band  with  a  featureless  transmission  spectrum  extending  from 
the  infrared  through  to  the  ultraviolet.  Figure  3.  As  a  result  of  the  first  year 
studies  it  was  clear  that  the  ion  implantation  technique  enabled  the  formation 
of  highly  conducting  surface  layers  on  strong  high  temperature  rigid  rod  and 
ladder  polymers.  Temperature  dependent  audio  frequency  conductivity  and 
dielectric  constant  studies  (10  -  10$  Hz)  showed  that  charge  motion  in  the 
insulating  rigid  rod  and  ladder  polymers  is  similar  to  that  of  other  insulating 
polymers.  However,  initial  attempts  at  long  lived  photoinduced  absorption 
studies  suggested  that  the  photoinduced  carriers  may  be  more  weakly  localized 
than  in  less  ordered  polymers. 

The  objectives  of  this  (the  second  year)  research  program  (1  November 
1991  -31  December  1992)  were  the  elucidation  of  the  electronic  structure  of  ion 
implanted  ladder,  semi-ladder  and  rigid-rod  polymers  and  a  further 
determination  of  charge  transport  mechanisms.  As  part  of  this  effort, 
photoinduced  optical  absorption  conductivity  and  photoconductivity  studies  as 
well  as  electron  paramagnetic  resonance  studies  were  carried  out  for  the 
pristine  rigid  rod  and  ladder  polymers.  Models  for  the  behavior  in  these 
materials  were  developed.  Preliminary  photoluminescence  studies  were 
performed  and  initial  fabrication  of  electroluminescence  devices 
incorporating  the  ion  implanted  regions  as  electrodes  was  attempted.  DC 
conductivity,  r.:'crowave  frequency  conductivity,  microwave  frequency 
dielectric  constant,  magnetoresistance,  and  thermopower  studies  were  carried 
out  on  ion-implanted  rigid  rod  and  ladder  polymers  as  a  function  of  ion 
implantation  dosage.  Models  were  developed  to  describe  the  charge  transport 
mechanisms  of  these  materials  as  functions  of  temperature  and  ion 
implantation  dosage. 
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Figure  3  Optical  spectra  of  pristine  and  4  x  10*6  ions/cm^  implanted  PBO. 
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II.  RESULTS  OF  CONTRACT  ( 1  NOVEMBER  1991-31  DECEMBER  1992) 


Activities  during  this  period  are  divided  into  studies  of  the  pristine 
polymers  and  of  the  ion  implanted  polymers. 

II.A.  Pristine  Rigid  Rod  and  Ladder  Polymer  Studies 

II.A.i.  Photoinduced  Absorption  Studies 

During  the  period  of  the  contract  we  extended  our  OSU  studies  of 
photoinduced  absorption  of  rigid  rod  and  ladder  polymers.  Our  earlier 
photoinduced  infrared  studies  suggested  that  upon  absorption  of  light  of 
energy  greater  that  the  band  gap  that  the  rigid  rod  polymers  (PBT)  formed 
some  modestly  long  lived  intragap  charged  defect  states  (likely  polarons). 
Figure  4a  extends  the  earlier  PBT  data  to  6000  cm'1  and  contrasts  the 
photoinduced  signal  with  the  direct  infrared  induced  absorptions  and  heating 
induced  (HI)  effects.  A  broad  photoinduced  level  centered  at  ..  2900  cm'1  is 
clearly  visible  to  together  with  associated  active  vibrations.  Figure  4b 
represents  the  photoinduced  absorption  (to  6000  cm'1)  of  PBO  and  contrasts  it 
with  the  direct  infrared  absorption  of  the  material.  A  photoinduced  feature  is 
seen  now  shifted  down  in  energy  so  that  it  is  centered  at  ^  2000  cm'1.  No 
intragap  levels  were  detected  for  the  ladder  polymers.  The  relative  weak 
binding  of  the  polaron  levels  in  PBO  and  their  absence  in  BBL  and  BBB 
contrasts  with  the  usual  behavior  of  conjugated  polymers  such  as 
polythiophene,  polyacetylene,  and  polyaniline.  The  origin  of  this  anomalous 
behavior  may  lie  in  the  greater  order  present  in  the  rigid-rod  and  ladder 
polymers.  Recent  calculations  by  E.M.  Conwell1^  and  also  P.  Vogl  and  D.K. 
Campbell17  suggest  that  in  the  presence  of  increased  interchain  coupling, 
polarons  may  be  destabilized  in  favor  of  only  weakly  localized  or  even 
delocalized  electrons  and  holes.  Also,  by  implication,  the  polaron  exciton 
would  be  destabilized  in  favor  of  a  three-dimensional  bound  electron-hole 
exciton.  It  is  speculated  that  this  may  improve  the  efficiency  of 
photoluminescence  and  also  electroluminescence.  Recent  studies  of 
photoexcitations  in  polyphenylenevinylene  prepared  with  differing  degrees 
of  local  order  suggest  that  the  increased  local  order  improves  the 
electroluminescence  efficiency. 1 8 
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Figure  4a  Comparison  of  direct  infrared  absorption  spectrum,  photoinduced 
absorption  spectrum  and  heating  induced  effects  in  PBT. 
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Figure  4b  Comparison  of  the  direct  infrared  absorption  spectrum  and 
photoinduced  absorption  spectrum  in  PBO. 
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II.A.ii.  Photoluminescence  and  Electroluminescence  Studies  of  Rigid  Rod 
and  Ladder  Polymers 

Preliminary  studies  were  carried  out  at  The  Ohio  State  University  of  the 
photoluminescence  of  PBO  when  excited  with  light  of  photon  energy  greater 
than  the  band  gap  energy.  Figure  5  compares  our  photoluminescence 
spectrum  of  PBO  with  the  absorption  spectrum  of  PBO.  The  results  support  an 
exciton  mediated  photoluminescence  similar  to  that  of 
polyphenylenevinylene18  as  well  as  that  reported  for  BBL.19  Initial  attempts 
at  utilizing  an  ion  implanted  region  of  the  polymer  as  an  electrode  for  a  PBO 
electroluminescence  device  were  unsuccessful. 

II.A.iii.  Conductivity  and  Photoconductivity 

In  conjunction  with  the  postdoctoral  researcher  working  at  Wright 
Patterson  Air  Force  Base,  we  have  studied  the  unusual  thermal  and  photo 
conductivity  phenomena  present  in  BBL  This  is  an  increase  of  approximately 
six  orders  in  conductivity  that  occurs  upon  raising  the  temperature  of  BBL  to 
623K  and  then  returning  the  sample  to  room  temperature  (data  acquired  at 
WPAFB  by  Dr.  K.S.  Narayan).  The  detailed  behavior  is  dependent  upon  sample 
history  and  moisture  content.  The  slow  decay  of  the  increased  room 
temperature  conductivity  is  suggested  to  arise  from  the  thermal  excitation  of 
charge  from  deep  traps.  Concomitant  EPR  studies  at  OSU  of  heat  treated 
samples  shows  a  spin  concentration  that  increase  with  thermal  treatment 
together  with  a  narrowing  of  the  resonance  line.  While  the  excess  spins  decay 
with  time  at  room  temperature,  their  decay  dynamics  differs  from  the  decay 
dynamics  of  the  charge.  Further  studies  are  in  progress  to  elucidate  the  origin 
of  this  unusual  phenomenon. 

Photoconductivity  studies  were  carried  out  at  WPAFB  by  K.S.  Narayan. 
The  action  spectrum,  Figure  6,  shows  that  the  photoconductivity  of  BBL 
increases  for  photon  energy  greater  than  the  band  edge,  supporting  that  the 
band  edge  optical  absorption  is  not  excitonic.  Figure  7  contrasts  the 
temperature  dependence  of  the  photoconductivity  of  BBL  recorded  for 
excitation  energies  below  the  band  gap  (8000  A  (1.55  eV))  and  above  the  band 
gap  (6500  A  (1.91  eV)).  Total  current  at  photon  energies  above  the  gap  exhibits 
an  activated  behavior  with  an  activation  energy  total  0.0833  eV.  The 
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Figure  6  Photocurrent  as  a  function  of  excitation  photon  energy  in  BBL 
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Figure  7  Temperature  dependence  of  the  photoconductivity  of  BBL  for 
excitation  energies  1.55  eV  (below  the  band  gap)  and  1.91  eV 
(above  the  band  gap). 
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temperature  dependence  of  the  photocurrent  for  photon  energies  below  the 
band  gap  is  weaker,  without  a  simple  activated  behavior.  The 
photoconductivity  efficiency  is  directly  related  to  the  product  of  the  charge 
generation  efficiency  and  the  charge  mobility.  Studies  are  in  progress  to 
further  develop  a  microscopic  picture  of  the  control  of  photoconductivity  in 
these  materials. 

II.A.iv.  Electron  Paramagnetic  Resonance  studies 

The  room  temperature  EPR  spectrum  of  the  pristine  PBO  polymer  is  shown 
in  Figure  8.  The  ratio  AHi/2/AHpp  is  -  1.2  where  AH1/2  denotes  the  single 
integral  width  of  the  EPR  derivative  signal  and  AHpp  denotes  the  peak-to-peak 
linewidth  of  the  derivative  signal.  The  close  agreement  with  the  value 
expected  for  a  purely  Gaussian  lineshape,  viz.,  (21n2)l/2  ~  1.18,  indicates  that 
the  spins  in  the  pristine  polymer  are  localized  and  probably  Curie-like.  Using 
DPPH  as  an  intensity  standard,  the  spin  susceptibility  (Xpristine)  al  room 
temperature  was  determined  from  the  double  integral  of  the  EPR  derivative 
signal  to  be  2.7  x  10‘6  emu/mol-repeat.  This  yields  a  Curie  spin  concentration 
of  2  x  10"3  spins/mole  or  1  spin/500  repeat  units.  From  intrinsic  viscosity 
measurements  the  weight  average  molecular  weight  of  cis-PBO  has  been 
estimated  at  34,000  which  implies  -  150  repeats/chain.  This  gives  an  estimate 
of  2-3  spins/chain.  The  origin  of  these  spins  needs  to  ascertained.  One 
possibility  is  that  they  are  associated  with  chain  ends. 


To  gain  insight  into  this  question,  we  studied  the  temperature  dependence 
of  the  spin  susceptibility.  Figure  9  depicts  the  observed  behavior  in 
Xpristine*T  as  a  function  of  temperature.  For  non-interacting  Curie  spins,  X*T 
is  expected  to  be  a  constant,  independent  of  temperature.  Instead,  the  observed 
decrease  in  Xpristine*T  upon  lowering  the  temperature  suggests  an 
antiferromagnetic  coupling  between  the  spins.  Assuming  a  pair-wise 
interaction  within  the  framework  of  the  Bleaney-Bower  model,  the  data  were 
fit  to  a  sum  of  coupled  and  uncoupled  spins 


xr  =  c+ 


2  N 

3  + exp  (JIT) 
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Figure  9  *pristine*T  vs.  T  of  pristine  pBQ  (D)  ^  ^  ^  ^ 

fit  to  the  data  using  the  Bleaney-Bower  equation  (see  text). 


The  best  fit  (see  Figure  9)  was  obtained  for  an  exchange  coupling  J  ~  100  K  and 
a  small  number  of  uncoupled  spins,  C  ~  0.2(N).  As  evident  from  Figure  9,  the 
experimental  curve  deviates  from  the  fit  at  high  temperatures  suggesting  a 
possible  distribution  in  values  for  the  coupling  constant  J. 

II.B.  Implanted  Rigid  Rod  and  Ladder  Polymer  Studies 

II.  B.  i.  Preparation  and  Characterization  of  the  Materials 

Ion  implantation  continues  to  be  carried  out  at  Honeywell  using  samples 
synthesized  at  WPAFB  and  sent  to  Honeywell  through  OSU.  Studies  of  PBO,  PBT 
and  BBL  implanted  with  84Kr+  ions  with  energies  of  200  KeV,  were  carried  out 
using  a  current  of  2|iA/cm2  and  an  ion  dosage  of  4  x  10*6  ions/cm2.  We  have 
extended  our  study  to  examine  the  effects  of  ion  implantation  dosage  selecting 
biaxial  PBO  for  the  study.  Samples  were  implanted  with  selected  dosages  in  the 
range  of7xl0l5tol0l8  ions/cm^.  Photoemission  spectroscopy  studies  at  The 
Ohio  State  University  show  a  similar  analysis  for  all  systems  with  higher 
fluorine  content  at  the  lower  dosage  level,  Figure  10(a-c)  The  likely  origin  of 
the  impurities  is  impurities  in  the  glass  substrates  used  for  casting  films. 
After  ion  implantation  the  oxygen  peak  is  reduced  while  the  carbon  peak  is 
relatively  enhanced,  supporting  that  the  implantation  process  produces  a 
carbonization  of  the  organic  polymer  surface. 

II.  B.  ii  DC  conductivity,  thermopower,  magnetotransport,  and  microwave 

frequency  conductivity  and  dielectric  constant  studies 

The  charge  transport  properties  after  ion  implantation  have  been 
studied  by  Du  ef  af.2^*21  Ion  implanted  PBO,  PBT  and  BBL  show  essentially 
indistinguishable  charge  transport  properties.  The  T-dependences  of  a(T)  of 
these  implanted  polymers  are  shown  in  Figure  11.  Above  Tc  -  30K,  the  data  for 
all  samples  are  fit  by  o(T)  =  oG  +  mTn  with  n  =  0.6  -  0.7.  A  better  fit  is  given  by 

c(T)  =  oo+mTin  +  BT.  (1) 

Equation  1  yields  m  =  1.3  S/cmR*^  b  =  2.8  x  10"  2  S/cmK  and  oQ  s  50  S/cm  for  all 
of  these  implanted  rigid  rod  and  ladder  polymers  regardless  of  the  starting 
polymers.  Below  Tc,  o(T),  decreases  more  rapidly  with  T  and  deviates  from 
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Figure  10  XPS  spectra  of  ion  implanted  PBO  at  dosages  (a)  7  x  10^5  ions/cm^. 
(b)  4  x  1016  ions/cm^,  and  (c)  7  x  10^  ions/cm^. 


Equation.  1.  No  other  well  known  models,  for  example,  the  variable  range 
hopping  conductivity  and  the  activation  type  conductivity,  fit  the  low 
temperature  range  convincingly,  which  indicates  that  oQ  is  no  longer  a 
constant  and  decreases  with  T  below  Tc. 

Above  TC)  S(T)  is  small  and  proportional  to  T,  with  a  slope  of  -  5.5  x  10"3 
nV/lC^,  shown  in  Figure  12.  Below  Tc,  a  transition  to  S(T)  <*  l/T(S(T)  increases 
T  -»0)  with  a  slope  of  ~  30  *iV  for  these  implanted  polymers  (see  inset,  Fig.  12). 
There  is  a  clear  transition  from  metal  like  thermopower  for  T>TC,  to  a 
thermopower  more  typical  of  a  semiconductor  with  an  energy  gap  at  the  Fermi 
energy  for  T<TC. 

All  three  implanted  polymers  showed  similar  magnetoconductance 
results.  A  small  positive  Aa(H,T)  was  observed  above  Tc  and  a  negative  and 
strongly  T-  dependent  A a(H,T)  (which  can  be  fitted  to  H 2  at  low  fields  and  to 
H 1/2  at  low  T  and  high  fields)  was  observed  below  Tc*  Figure  13  shows  the 
A <s(H,T)  results  of  PBO  at  4.2  K.  Below  Tc,  a  fit  of  A a(H.T)  =  -0.13///T1-5  was 
obtained  at  low  field,  and  Ac  (H,T)  «  -1.2 was  obtained  as  T->  0  and  at  the 
high  field  limit  (Figure  13,  insert). 

The  spin  susceptibility22  X  of  samples  implanted  with  a  dosage  of  4  x 
1016  ions/cm2  have  a  Pauli  term  X^au^  which  yields  a  density  of  states,  N(Ep)  ~ 
0.1  states/eV-C  above  Tc  (see  below).  The  microwave  dielectric  constant  tmw 
(4.2  K)  results,  obtained  from  microwave  cavity  perturbation  methods  at  6.5 
GHz,  for  all  implanted  rigid  rod  and  ladder  polymers  studies  for  a  dosage  level 
of  >1016  ions/cm2  are  large,  ~  10^,  increasing  and  remaining  positive  with 
increasing  T  (Figure  14).  The  large  positive  emw  together  with  its  weak 
temperature  dependence  for  T  >  30  K,  imply  that  weak  localization  is  dominant 
in  this  temperature  regime.  Above  Tc,  emw  suggests  a  localization  length  of 
approximately  300  A  for  these  implanted  polymers,  estimated  from  emw 
=e.  +  e2%2N{EF),  where  £  is  the  localization  length  and  £„is  the  core  dielectric 
constant.  Below  30  K,  the  strong  temperature  dependence  in  emw  reflects  a 
decrease  of  the  density  of  states  at  Ep  due  to  the  opening  up  of  a  Coulomb  gap. 
There  is  also  a  noticeably  more  rapid  decrease  in  £mw(T)  below  Tc. 

Above  Tc,  the  positive  A o(H,T)  and  the  T-dependence  of  a(T)  are  typical 
for  3d  disordered  metals  and  doped  semiconductors  for  which  weak  localization 
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Figure  12  S(T)  vs.  T  of  4  x  10^  ions/cm^  implanted  PBO  and  BBL  Inset:  S(T) 
vs.  1/T  of  the  same  data. 
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Figure  14  Temperature  dependence  of  the  real  part  of  the  dielectric 
constant  for  4  x  10*6  ions/cm^  implanted  BBL  and  PBO. 


and  electron-electron  (e-e)  interactions  dominate  the  charge  transport.23 
Weak  localization  gives  rise  to  a  positive  magnetoconductance  and  e-e 
interactions  are  responsible  for  a  negative  one,23 


A0,  (H,T) 


8iW, 


(2) 


where  F  is  the  Coulomb  screening  factor,  D  is  the  diffusion  constant,  h  = 
gUgH/kBT,  g=2  is  the  Lande  factor  measured  by  EPR,  g3(h)  =0.053 t]3  for  H«  1, 
and  g3( h)=4h-l.3  for  h  >>1.  The  small  positive  A a(H.T)  shown  in  the  A a(H,T) 
data  above  Tc  (Figure  15)  is  presumably  the  net  result  of  the  addition  of  the  two 
effects  with  weak  localization  dominating  e-e-  interactions.  Below  Tc,  the 
negative  and  strongly  T-dependent  magnetoconductance  results  suggest  that 
the  weak  localization  term  disappears  because  it  has  the  opposite  sign  and  a 
stronger  temperature  dependence  than  the  e-e  interaction  term  (Eqn.)  2.  The 
magnetoconductance  results  would  be  positive  below  Tc  if  the  weak 
localization  term  persisted.  At  low  field  (h«l)  Eqn.  2  yields 
Ao,(H,T)  =  -G.\5\(FI4D)(H2  ITV2);  comparing  to  Fig.  15,  F  !  45  ~  0.66  is 

obtained,  in  good  agreement  with  the  low  field  result.  Thus,  the  fit  of  Ao(H,T) 
data  below  Tc  to  Eqn.  2  supports  that  e-e  interactions  totally  dominate  the 
transport  at  low  temperatures. 


The  weak  localization  effect  also  predicts  a  correction  term  to  the  dc 
conductivity  for  the  3d  case:  A<j£(T)  -(e^/In^Tnv)!^^ ,  where  Tjn  °°  T~P  is  the 
inelastic  scattering  time,  with  p  =  2  for  clean  metals  and  p  =  3/2  for  dirty 
metals.22"24  Thus,  Aol«  T  in  the  clean  limit  and  T3/4  for  the  dirty  limit.  While 
the  e-e  interaction  effect  provides  a  correction  term  in  the  3d  case.23'25 


A(T,(D  = 


g2  1.3  4  3  fkgf 

4it2*  V2  3*2  1  hD 


(3) 


Thus,  the  applicability  of  Eqn..  1  to  o(T)  T  >  Tc  suggest  that  both  weak 
localization  and  e-e  interaction  effects  contribute  to  the  conductivity  in  this 
regime.  Utilizing  Eqn.  3  and  taking  the  fitting  result  from  Eqn.  2 
F/45  =  0. 76,  D„4.3  cm2/sec  is  obtained  from  the  coefficient  m  =1.3. 

S/cmKl/2  of  the  T^2//  term  Eqn.  I.  Using  this  D  and  comparing  the  predicted 
Ao(T)  with  the  linear  T term  of  Eqn.  1,  r*  =  4.5xl0'87“2  sec  is  then  obtained. 
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The  characteristic  length24  (^D/kgTJ^^  js  then  calculated  at  30  K  to  be  110  A, 
much  smaller  than  the  sample  thickness  (~  3500  A).  This  is  self-consistent 
with  the  application  of  the  3d  model.  Also,  a  small  screening  factor  F  -  1.6x10*2 
is  obtained.  The  small  DOS  (  from  x^au^).  the  large  localization  length  %  (from 
£^<a)»  and  the  featureless  broad  band  absorption25  are  also  consistent  with  this 
semi-metallic  picture.  Based  on  this  model,  the  small  and  linearly  T-dependent 
S(T)  can  be  understood  to  be  due  to  the  small  semi-metallic  DOS. 

Below  Tc,  the  change  of  sign  in  the  Ac  (H,T)  behavior  shows  that  e-e 
interactions  become  more  important  and  eventually  dominate  the  charge 
transport.23-24  The  more  rapid  dropping  of  oQ  and  emw(T)  (Figures  11  and  14) 
with  T  indicates  a  decrease  in  the  DOS  at  the  Fermi  Level  (recall  the  Einstein 
relation25  a o  =  e^DNfEF),  and  emvv  =  eoo+e2^2N(EF)).  These  results,  together, 
indicate  the  opening  of  a  Coulomb  gap  below  Tc.  As  T  is  lowered,  electron 
localization  may  increase,  and  such  an  increase,  in  turn,  reduces  electron 
screening  and  enhances  e-e  interactions.  The  proposed  depletion  of  the  DOS  at 
the  Fermi  energy  may  suppress  the  quantum  interference  effect  and  account 
for  the  disappearance  of  the  weak  localization  correction  term  in  the 
magnetoconductance  results.  Though  o(T)  decreases  more  rapidly  below  Tc,  it 
remains  semi-metallic  at  0.1  K  (o(0.1  K)  =  30  S/cm)  which  suggests  that  the  DOS 
is  probably  zero  only  at  Ef,  in  accord  with  the  theoretical  predictions  of  the 
'Coulomb'  gap.23  The  semiconductive  1 /T-dependent  S(T)  at  low  T  and  the  large 
Emw  (typical  for  a  semiconductor  with  a  small  gap  are  also  in  accord  with  the 
assumption  of  a  Coulomb  gap.  However,  this  low  temperature  regime  is  not  a 
'simple'  insulating  regime,  as  the  conductivity  results  follow  neither  the 
variable  range  hopping  model  nor  an  activation  type  conduction,  and  the 
conductivity  and  the  dielectric  constant  are  still  large. 

The  origin  of  the  semi-metallic  phase  of  implanted  PBO,  PBT,  and  BBL 
the  low  T  energy  gap,  and  the  difference  in  their  behavior  from  earlier 
studied  implanted  polymers  (for  example,  implanted  polyparaphenylene 
sulfide,  which  showed  strongly  localized  behavior13*14)  is  of  particular 
interest.  The  earlier  studied  implanted  polymers  do  not  have  the  spatial 
relationships  for  carbon  atoms  as  present  in  PBO,  PBT,  and  BBL  Hence,  we 
propose  that  upon  impact  by  energetic  and  massive  ions,  and  the  subsequent 
breaking  of  bonds  (and  evolution  of  non-carbon  atoms, 26,27  the  re-formed 
carbon  network  forms  a  3d  interconnected  graphite-like  network  for 
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implanted  ladder  and  rigid  rod  polymers.  This  assertion  is  supported  by  X-ray 
photoemission  spectroscopy  studies  which  show  the  implanted  surface  is 
almost  entirely  carbon  (Figures  2  and  10),  and  the  preliminary  Raman  spectra 
studies  which  show  graphite-like  bonding  among  carbons  after  ion 
implantation. 

When  the  thermal  energy  kgT  is  comparable  or  smaller  that  the 
Coulomb  interactions  (below  Tc),  the  Coulomb  gap  is  likely  to  be  evident.  It  is 
unlikely  that  this  transition  is  introduced  by  other  structural  changes,  for 
example,  a  Peierls  transition,  as  these  implanted  polymers  are  amorphous  and 
three  dimensional.  A  dimensional  cross-over  is  not  the  cause  of  this  transition 
either,  since  the  characteristic  length  (^D/kgT)!^  at  \  K  would  be  ~600  A,  still 
smaller  than  the  samples  thickness  (~  3500  A).  An  initial  estimation  of  the  size 
of  the  'Coulomb'  gap  can  be  obtained  by  using  the  semiconductive  dielectric 
constant  e  =  1  +  (^©p/Eg)2  where  ©2p  =  4nne^-/m.  We  thus  obtain  Eg  ~  2  meV. 
This  value  is  in  a  good  agreement  with  Tc  (~  2.6  meV). 

In  summary,  the  charge  transport  properties  of  ion-implanted  rigid  rod 
and  ladder  polymers  differ  substantially  from  those  of  previously  studied 
implanted  polymers.  An  unusual  metal-nonmetal  transition  exists  at  a  finite 
temperature  which  is  interpreted  in  term  of  a  Coulomb  gap  opening  up  in  the 
semi-metallic  regime. 

II.  B.  iii  EPR  Spin  Susceptibility  Studies 

A  typical  room  temperature  EPR  spectrum  of  a  PBO  sample,  implanted  at  a 
fluence  of  4  x  10^  is  shown^^  in  Figure  16.  It  consists  of  contributions  from 
spin  susceptibilities  of  the  implanted  as  well  as  pristine  layers.  Though  the 
thickness  of  the  implanted  layer  is  less  than  2%  of  the  total  thickness,  the  two 
contributions  were  successfully  resolved.  It  was  found  that  at  room 
temperature,  the  double  integral  (DI)  of  the  EPR  derivative  signal  contains 
nearly  equal  contributions  from  the  two  sets  of  spin  susceptibilities,  implanted 
and  pristine.  At  low  temperatures,  (Dl)jmplanted  >s  a  factor  of  3  larger  than 
(Dl)pristine.  further  improving  the  accuracy  with  which  the  spin 
susceptibility  of  the  implanted  polymer,  ximplanted.  could  be  obtained. 

Figure  17  shows  a  plot  of  ximplanted*T  as  a  function  of  temperature. 
There  is  an  unusual  temperature  dependence  in  the  observed  behavior; 
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Room  temperature  EPR  spectrum  of  PBO  implanted  at  a  fluence  of 
4x10^6  Kr+  ions/cm^. 
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Figure  17 


^implanted  *  T  vs.  T  for  4  x  10*6  ionsW  impi^a  PB0. 


Ximplanted*T  increases  upon  lowering  the  temperature,  reaches  a  maximum  at 
T  ~  30  K,  and  then  shows  a  steep  decrease  for  T  <  30  K.  The  trend  indicates  that 
the  material  undergoes  a  transition  at  Tc  ~  30  K.  This  is  in  remarkably  good 
agreement  with  the  conclusion  reached  from  the  OSU  charge  transport  studies 
that  an  anomalous  metal  to  non-metal  transition  occurs  at  ~  30  K,  with  a 
collapse  in  the  density  of  states  at  Ep  [N(Ef)]  for  T  <  30  K.  Such  a  suppression  in 
the  N(Ef)  is  expected  to  result  in  a  decrease  in  X*T,  consistent  with  the  observed 
behavior  (see  Figure  17). 

For  the  T  >  Tc  regime,  the  unusual  increase  in  ximplanted*T  with 
decreasing  T  has  been  examined  within  the  context  of  several  models.  It  is 
recalled  that  in  this  temperature  regime,  the  material  is  postulated  to  be  semi- 
metallic  with  weak  localization.  Here  U  denote  the  effective  Coulomb  repulsion 
between  electrons.  In  model  1,  we  consider,  in  addition  to  the  usual  Curie  and 
Stoner  terms,  the  contribution  to  the  susceptibility  from  the  diffusive  motion 

of  spin  fluctuations:^ 
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H2bUN(Ef)2 
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Using  typical  values  for  the  parameters  U,  N(Ef),  kF,  and  1,  the  estimated  value 
of  Ax  is  six  orders  of  magnitude  smaller  than  xPau^.  Thus,  model  1  fails  to 
explain  the  observed  enhancement  in  *implanted*T  with  decreasing 
temperature. 


Model  2  makes  the  ansatz  that  N(Ef)  is  temperature  dependent  and 
increasing  for  the  T  >  30  K  regime.  This  could  in  principle  explain  the 
observed  trend  in  *implanted*T.  However,  the  thermoelectric  power  which  is 
a  sensitive  probe  of  N(Ep)  because 

1  d[N(EF)]T 
N(Ef )  dE 


shows  a  linear  temperature  dependence  in  this  regime.  This  implies  that  N(Ef) 
~  constant  for  T  >  30  K,  eliminating  model  2. 

In  model  3,  the  spin  susceptibility  of  the  implanted  polymer  is 
decomposed  into  Pauli  and  Curie  components, 

X Pauli  = 

lm  planted  \^U{T)N{Ep) 
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and 


y  Curie 
^  Im  planted 


b(J) 

T 


There  are  two  limiting  cases  to  this  model.  In  one  limit,  the  Curie  constant  'b,' 
and  hence  the  Curie  spin  concentration  N^ur^e  is  assumed  to  be  independent 
of  temperature.  The  enhancement  in  Ximplanted*T  *s  totally  attributed  to  a 
temperature  dependent  Coulomb  repulsion  U(T).  If  we  assume  that  at  room 
temperature  U=0;  then  upon  lowering  the  temperature,  we  conclude  that  there 
is  a  decrease  in  the  localization  length  intuitively  suggesting  an  increase  in 
the  effective  electron  repulsion.  From  optical  results  on  implanted  PBO  (see 
Figure  3),  it  is  evident  that  the  bandwidth  of  the  material  is  greater  than  6  eV, 
whereas  re-conjugated  carbon  systems  have  a  bandwidth  of  ~  10  eV.  Selecting 
an  intermediate  value  of  8  eV  for  the  bandwidth  implies  an  N(Ef)  ~  0.125 
states/eV-C.  This  yields  a  rather  strong  temperature  dependence  in  U  as 
depicted  in  Figure  18. 

In  the  other  extreme  limit  of  this  model,  is  assumed  to  be 


constant,  independent  of  temperature.  The  observed  enhancement  in 
Ximplanted*T  is  entirely  attributed  to  a  temperature  dependent  NCur*e.  The 
resulting  variation  in  N^ur‘e  with  temperature  for  T  >  30  K  is  shown  in  Figure 
19.  The  behavior  is  suggestive  of  thermal  deactivation  of  itinerant  spins  to 
localized  spin  states. 


II.  B.  iv  Implantation  Dosage  Dependent  Insulator  to  Metal  Transition 


Figure  20  is  a  plot  of  the  conductivity  of  samples  normalized  to  that  for 
the  sample  subject  to  a  flux  of  10^  ions/cm 2  as  a  function  of  ion  dosage  on  a 
double  logarithmic  scale.  It  is  assumed  that  the  thickness  of  the  implanted 
layer  is  the  same  for  each  of  these  samples.  It  can  be  seen  that  a  dosage 
dependent  insulator  to  metal  transition  occurs  at  <J>  ~  4  x  10*6  ions/cm^. 
Saturation  of  the  conductivity  occurs  at  lO^ions/cm^. 


The  charge  transport  in  lower  dosage  samples  is  more  strongly 
temperature  dependent  than  that  of  the  heavily  implanted  discussed  above. 
Figure  21  shows  that  the  room  temperature  conductivity  for  the  sample  with  a 
dosage  of  7  x  lO^ions/cm^  is  about  10*1  S/cm  similar  to  that  of  earlier  study  of 
implanted  materials.  Most  of  the  implanted  materials  of  such  a  low  dosage 
have  a  conductivity  which  is  proportional  to  exp(-(T0/T)  1^2)  for  a  large 
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Figure  21  DC  conductivity  vs.  T  of  implanted  PBO  with  <{»  =  7  x  10^  ions/cm~. 
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temperature  range.  Figure  22  shows  the  log  of  dc  conductivity  versus  T"*22,  as 
well  as  vs.  T"1  and  T"!^  for  the  pgO  sample  exposed  to  a  dosage  equal  to  <j>  =  7  x 
iois  cm" 2.  From  the  data  it  is  clear  that  the  temperature  dependence  of 
conductivity  changes  with  temperature.  The  dielectric  constant  measured  at 
microwave  frequency  for  the  lower  dosage  sample  is  contrasted  with  that  of 
the  higher  dosage  sample  in  Figure  23.  The  observed  microwave  frequency 
dielectric  constant  of  the  low  dosage  sample  is  about  two  orders  of  magnitude 
smaller  than  that  of  the  ‘metallic’  samples  and  is  almost  temperature 
independent.  Assuming  the  same  density  of  states  at  the  Fermi  level  as  the 
higher  dosage  sample,  we  estimate  a  localization  length  of  a  total  of  20A  for  the 
low  dosage  sample.  This  is  much  smaller  than  the  500A  localization  length 
estimated  for  the  higher  dosage  sample. 

The  insulator  to  metal  transition  that  occurs  as  a  function  of  increasing 
ion  dosage  is  attributed  to  an  Anderson  transition.  This  transition  arises  from 
the  reorganization  of  electronic  structure  caused  by  implantation  process. 
Within  this  model,  with  increasing  ion  dosage  the  Fermi  level  is  moved  past 
the  mobility  edge  causing  the  Anderson  transition. 

II.  B.  v  Thermal  Cycling  Stability 

Table  1  shows  the  University  of  Rochester  measured  room  temperature 
conductivity  of  the  annealed  sample  (oa)  normalized  with  the  conductivity  of 
the  unannealed  sample  (aUa)-  The  measured  conductivities  of  the  heat  treated 
implanted  samples  were  found  to  be  essentially  the  same  as  the  unannealed 
samples  over  the  entire  range  of  annealing  temperatures,  50-400°  C  as 
exemplified  in  Figure  24  for  the  conductivity  of  implanted  PBO.  The  slight 
variations  are  within  experimental  errors.  This  observation  is  in  sharp 
contrast  to  the  reported29  heat  treated  implanted  DPBI,  DPBO,  DPBT  and  BBL 
that  showed  approximately  three  orders  of  magnitude  decrease  in  the 
conductivity  after  annealing  at  400°C  for  40  mins.  It  must  be  emphasized, 
however,  that  the  implantation  conditions  used  in  the  latter  (190  keV,  0.1 
^A/cm2  beam  current)  are  different  from  the  ones  used  here  which  might 
influence  the  nature  of  the  interactions  of  the  Kr+  ions  with  the  substrate. 
The  beam  intensity  used  here  is  a  factor  of  20  greater  than  the  ones  used  in 
earlier  studies,29  which  might  be  the  reason  for  the  ready  release  of  the  Kr+ 
ions  when  annealed  at  high  temperatures.  The  conditions  used  in  this  study 
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Figure  23  Microwave  dielectric  constant  results  of  the  lowest  dosage 
(7x10*5  ions/cm^)  PBO  sample  and  a  higher  dosage 
(4  x  10*6  ions/cm^)  sample. 
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Tabic  1.  Effect  of  Annealing  Temperature  on  the  conductivity  of  implanted  PBO,  PBZT  and  BBL 


T  (  OQ 

Normalized  conductivity3 

( <y°ua  )RT 

PBO 

PBZT 

BBL 

-27 

1.00 

1.00 

1.00 

50 

0.98 

0.97 

1.02 

100 

1.04 

1.18 

0.96 

150 

0.94 

0.98 

0.91 

200 

1.07 

1.10 

0.90 

250 

1.06 

1.19 

1.08 

300 

1.08 

1.19 

1.15 

400 

1.17 

1.20 

0.92 

a.  Conductivity  of  the  annealed  (oa)  normalized  with  the  conductivity  of  the  unannealed  (oua)  sample  at  room 
temperature. 
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Figure  24  F/fect  of  annealing  tempc 
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result  in  a  more  drastic  and  stable  change  in  the  structure,  morphology  and 
physical  properties  of  these  rigid-rod  and  ladder  polymers.  This  observed 
stability  of  the  physical  properties  (mechanical,  thermal  and  electrical 
conductivity)  with  temperature  and  time  is  an  important  factor  in  the  ultimate 
utilization  of  implanted  materials  in  various  technology  applications. 

II.  B.  vi  Summary  of  Studies  of  Implanted  Rigid  Rod  and  Ladder  Polymers 

The  charge  transport  mechanisms  of  the  new  group  of  strong  and  stable 
ion  implanted  polymers,  PBO,  PBT  and  BBL  were  systematically  studied.  Results 
of  XPS,  SEM,  dc  conductivity,  thermopower,  magnetoresistance,  microwave 
conductivity,  microwave  dielectric  constant,  electron  paramagnetic 
resonance,  and  Faraday  susceptibility  together  yield  a  self-consistent  picture 
of  the  new  conducting  state  induced  in  the  polymer  as  a  function  of 
implantation  dosage.  At  higher  dosage  level  ($>  4  x  lO^ions/cm^)  a  semi- 
metallic  state  exists  at  higher  temperatures  (T  >  30K).  This  conclusion  is 
supported  by  the  following  experimental  results: 

-A  flat  optical  absorption  band,  similar  to  that  of  disordered  metals. 

-A  weakly  temperature  dependent  conductivity  with  a  room  temperature 
value  -  1C)2  S/cm.  This  result  is  very  different  from  that  of  the  earlier  studied 
implanted  systems  which  showed  strongly  localized  transport  behavior.  The 
result  is  fitted  to  the  localization  and  e-e  interaction  model  in  the  weakly 
localized  regime.  The  fitting  yields  a  finite  conductivity  at  zero  temperature 
for  the  data  above  30  K. 

-A  small  and  positive  magnetoconductance.  Both  magnetoconductance 
and  dc  conductivity  results  indicate  that  the  localization  and  e-e  interaction 
effects  exist  in  this  temperature  region. 

-A  small  and  linearly  T-dependent  thermopower,  which  is  usually 
observed  in  metallic  materials. 

-A  large  positive  microwave  frequency  dielectric  constant,  which  is  also 
often  observed  in  highly  conducting  materials. 
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However,  this  state  is  not  truly  metallic  because  the  temperature 
dependent  conductivity  and  the  magnetoconductance  results  strongly  suggest 
the  application  of  the  weak  localization  and  e-e  interaction  model,  which  deals 
with  an  electron  system  just  on  the  metallic  side  of  a  metal-insulator 
transition.  By  thio  theory,  the  electron  conduction  is  determined  by  various 
types  of  scattering  under  the  influence  of  the  localization  of  electronic  states. 
The  charge  transport  in  this  semi-metallic  state  is  not  by  electron  hopping  or 
tunneling  which  is  the  transport  mechanism  dominant  in  most  chemically 
doped  conducting  polymers.  29 

The  transport  studies  of  three  implanted  polymers  at  the  same  ion  dosage 
<j>  =  4x1C)16  ions/cm^  yielded  surprisingly  consistent  results  among  the  three 
materials.  This  suggest  that  the  semi-metallic  state  in  these  implanted 
polymers  is  independent  of  the  original  chemical  structure.  According  to  the 
XPS,  Raman  studies  and  chemical  characterization,  such  as  the  gas  evolution 
during  the  implantation  process  and  the  color  change  after  the  process,  we 
determined  that  the  implantation  process  drives  the  heteroatoms  out  of  the 
implanted  layer.  Thus,  another  conclusion  of  this  study  is  that  after  the 
implantation,  the  original  chemical  structure  is  transformed  into  a  disordered 
carbon  network  which  is  probably  graphite-like.  The  similar  transport 
properties  shown  among  all  three  implanted  materials  suggest  that  the  three 
original  chemical  structures  have  similar  carbon  backbone  networks  so  the 
transformed  carbon  networks  behave  accordingly.  The  saturation  of  the 
metallic  behavior  reflected  in  the  change  in  conductivity  with  increasing  ion 
dosage  indicates  a  'maximum'  carbon  network  (no  more  heteroatoms  can  be 
driven  out)  and  the  Fermi  'gas'  in  these  systems  reaches  its  extreme  and  will 
not  grow  further  (at  ion  dosage  10^  ions/cm^). 

More  surprisingly,  independent  of  starting  rigid  rod  or  ladder  polymer, 
all  the  transport  properties  showed  a  consistent  change  in  their  behavior  at  Tc 
~  30  K,  indicating  a  metal-non-metal  transition  with  decreasing  temperature  at 
Tc-  In  summary,  below  Tc: 

-The  thermopower  changes  to  a  1/T  -  dependent  behavior,  which  is  a 
semiconducting  behavior.  The  hopping  mechanisms  in  variable  range 
hopping  models  are  ruled  out. 
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-The  dc  conductivity  data  deviate  from  the  theoretical  fitting  curve  and 
decrease  more  rapidly  with  decreasing  T  .  This  indicates  that  the  finite  zero 
temperature  conductivity  in  the  high  temperature  region  does  not  hold  as  a 
constant  in  this  low  temperature  region. 

-The  magnetoconductance  changes  its  sign  to  negative  which  suggest  a 
disappearance  of  the  localization  effect  in  this  low  T  region.  Thus,  e-e 
interactions  dominate  in  this  region. 

-Changes  in  the  temperature  behavior  in  both  microwave  dielectric 
constant  and  ESR  susceptibility  are  present  at  -  30  K.  These  changes,  together 
with  the  proposed  decrease  in  a0,  indicates  a  collapse  of  N  (Ef  )■ 

It  is  proposed  from  this  study  that  the  enhancement  of  e-e  interactions  at 
low  temperatures,  as  a  result  of  increased  localization  effect  (which  reduces 
Coulomb  screening),  results  in  a  depletion  in  the  DOS  at  the  Fermi  level,  i.e. 
the  opening  of  a  Coulomb  gap.  Thus  this  Coulomb  gap  opens  up  in  the  weakly 
localized  regime.  We  have  seen  the  opening  of  a  Coulomb  gap  on  both  sides  of 
a  MIT,  so  it  is  logical  that  such  a  gap  can  open  in  a  region  near  a  MIT. 
However,  we  lack  a  theoretical  understanding  of  the  effect  of  such  a  gap  on 
the  transport  behavior  in  this  situation.  On  the  other  hand,  there  might  be 
other  explanations  for  such  a  metal-non-metal  transition.  We  consider  this 
problem  a  challenge  for  the  theorists. 

When  the  ion  dosage  in  the  implantation  process  is  varied,  an  insulator  to 
metal  transition  occurs  with  increasing  dosage.  The  transition  occurs  at  <t>~4 
x  10*6  ions/cm^.  This  transition  appears  to  be  an  Anderson  transition  in 
which  the  Fermi  energy  level  is  moved,  passing  the  mobility  edge  in  to  the 
extended  state  region,  upon  increasing  ion  dosage.  The  changing  of  Ep  is  a 
result  of  increasing  electron  'gas'  created  by  the  ion  bombardment.  The 
increase  of  the  electron  gas  comes  to  a  halt  at  <|>~  10* 7  cm'2  and  the  metallic 
behavior  starts  to  saturate. 

The  critical  dosage  sample  (4  x  10^6  ions/cm^)  indeed  showed  a  critical 
conductivity  as  expected  near  a  metal  to  insulator  transition.  The  sample  with 
a  dosage  7  x  10^5  ions/cm^  just  below  the  critical  dosage  suggested  a  hopping 
or  tunneling  transport.  However,  the  temperature  dependence  in 
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conductivity  of  this  low  dosage  sample  is  rather  complicated,  because  no  single 
model  describes  the  whole  temperature  range.  The  date  analysis  shows  that  a 
change  in  conductivity  from  a(T )  a  expHTo/T)!/2)  too(T)  a  exp  (-(T'0/T  )) 
occurs  with  decreasing  T  at  60  K.  Although  it  is  suggestive  to  explain  this 
phenomenon  in  terms  of  a  Coulomb  gap  again,  the  deviation  in  the 
characteristic  parameter  in  this  model  suggests  its  inapplicability.  Other 
relevant  models  do  not  work  well  either.  Further  theoretical  investigation  is 
needed. 

II.  B.  vii  Questions  Remaining 

The  charge  transport  study  of  these  ion  implanted  polymers  revealed 
interesting  phenomena  in  these  materials.  We  understand  some  of  them.  But 
there  are  several  questions  which  still  remain. 

-The  application  of  the  weak  localization  and  e-e  interaction  model  works 
well  for  the  dc  conductivity  and  magnetoconductance  results.  Usually,  these 
effects  are  observed  in  semi-metallic  systems  at  low  temperatures.23'25  The 
model  is  in  good  agreement  with  the  dc  conductivity  data  up  to  room 
temperature.  This  obvious  difference  between  these  materials  and  other  semi- 
metallic  systems  needs  to  be  understood. 

-The  Coulomb  gap  has  been  observed  in  insulating  materials.  The  size  of 
such  a  gap  is  usually  less  than  1  meV.30  The  transition  in  our  systems  occurs 
at  ~  30  K,  which  is  about  2.6  meV.  This  proposed  gap  opens  in  the  weakly 
localized  regime  in  these  implanted  polymers.  According  to  the  usual  theory, 
the  gap  in  this  regime  should  be  smaller  than  that  in  the  insulating  regime. 
So,  the  value  2.6  meV  is  too  large. 

Despite  these  discrepancies,  this  study  provides  guiding  facts  and  insights 
into  these  problems  which  will  help  in  future  studies. 
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VI.  NEW  DISCOVERIES,  INVENTIONS,  OR  PATENT  DISCLOSURES  AND  SPECIFIC 

APPLICATIONS  STEMMING  FROM  THE  RESEARCH  EFFORT 

Section  II  provides  a  summary  of  the  significant  accomplishments  during 
this  program.  We  have  found  that  ion  implantation  of  rigid  rod,  ladder  and 
single  ladder  polymers  leads  to  a  new  state  of  carbon-based  matter  which  is 
thermally  stable,  environmentally  stable  and  sufficiently  highly  conducting 
to  be  usable  for  circuitry  and  contacts  for  many  applications.  We  have 
discovered  that  this  ion  implanted  carbon  system  has  a  novel  insulator  to  metal 
transition  as  a  function  of  ion  dosage  and,  for  high  dosage  levels,  as  a  function 
of  temperature.  No  patent  disclosures  were  submitted  based  on  this  work. 
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VII.  OTHER  STATEMENTS 


In  sum,  we  have  carried  out  an  integrated  program  of  chemical 
characterization,  structural  characterization,  conductivity,  electron  spin 
resonance,  microwave  conductivity  and  dielectric  constant,  magnetotransport, 
thermopower,  and  direct  and  photoinduced  spectroscopy  of  pristine  and  ion 
implanted  rigid  rod,  pseudo  ladder  and  ladder  polymers.  These  integrated 
efforts  have  demonstrated  that  these  thermally  and  environmentally  stable 
materials  can  be  converted  to  a  highly  conducting  state  with  novel  electronic 
properties.  These  materials  are  now  poised  for  examination  of  their  potential 
application  in  areas  as  diverse  as  electroluminescent  devices  and 
photoconductive  devices  based  upon  the  optoelectronic  properties  of  the 
insulating  polymer  and  use  of  the  conducting  properties  of  the  ion-implanted 
polymers  for  contacts. 
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